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Microscopic Study of the Influence of Impurities

on Interface Bonding

I. Introduction

In the previous annual reports (1,2), two major experimental

areas were emphasized. The primary research area was involved in

the detailed evaluation of the fracture behavior of specially prepared

interfaces and the impact changes in chemistry and electrical charac- -

teristics have on that behavior. The second major thrust was the

investigation of the interfaces in discontinuous silicon carbide

- aluminum metal matrix composites. During the past year the research

on the fracture of model laminate systems has continued. In addition,

studies of model systems of iron based alloys have been started

to evaluate the impact of impurities localized at interfaces on

their mechanical behavior. These include body centered cubic alloy

and Mn stabilized face centered cubic stainless steels.

II. Background

In all cases of structural materials the interface chemistry

and bonding of interfaces, phase boundaries and grain boundaries

play a major role in the fracture behavior. An example is the inter- 2

face role in the bonding characteristics of the Al/Gr layered system.

The interface strength of this system has been observed to be depen-

dent on the thickness of the aluminum oxide layer (3). When the 4

oxide films are thin, the interface is more adhesive and strongly

bonded to the graphite. As the oxide thickness is increased the

" d " "4 3 ." " - - " '' - ' " - - - :,,w,,:,, .:, . .,, * ,, ' -. .. *
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bond between the oxide and the graphite is weakened, as indicated

by a change in fracture path. Another important characteristic

of this particular interface structure is its threshold switching

behavior. Threshold switching can be described as an abrupt change

in resistivity of the structure when it is subjected to sufficiently

high electric fields (4). When the voltage is increased above a

certain threshold voltage, the resistivity abruptly decreases and

will remain in the low resistivity state for some relaxation time.

One of the purposes of this research is to study the interrela-

tionship between the threshold switching characteristics and the

• .-

mechanical strength of the interfaces and the impact of impurities

on this behavior. Model systems can be constructed through vapor

deposition of thin layers to build the appropriate interface region.

By introducing a thin layered model the investigation of the correla-

tion between electronic and mechanical properties of the system

is greatly simplified. This structure allows the easy application

of voltage across the interface which under the proper conditions

produces threshold switching to a higher conductivity state and

also makes it convenient for testing the mechanical strength of

-'A|

the interface. A force normal to the interface is applied, exposing

the location of the weakest interface. The determination of the

composition of the exposed surface is made with the aid of surface

sensitive Auger electron spectroscopy (AES). This type of analysis

has revealed that when a high conductivity interface state exists

the adhesion of the interface between y-A1203 and the graphite crystal

is changed from that observed for the condition of the low conduc-

tivity interface state (3,5).

I.I
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In addition to studies on the Al/graphite laminate structures,

studies of interfaces on Ni substrates have also been started.

These are coupled to studies of impurity related intergranular failure

of stable austenite stainless steels under stress corrosion cracking

conditions. Some model stainless steels were made and an investiga-

tion into intergranular cracking is underway. A limited study relating

the fracture mode and the apparent fracture toughness to impurity

segregation in iron ternaries was also performed. This was an exten-

sion of some previous work based on embrittlement in steels (6)

and a nonequilibrium model for the fracture (7,8).

The results to date of the above studies will be outlined in

the following sections with greater detail presented in the appendices.

Appendix A covers the results to date in the impurity effects on

the interfacial strength of steels; Appendix B covers the Ni laminate

systems and Appendix C describes the continued effort on the Al/

graphite layered structures. Appendix D is a paper on a technique

for choosing a dispersoid with a maximum elastic constant for use

within a composite system.

III. Experimental Results and Discussion

A. Impurity Effects on the Interfacial Failure in Steels

Replacing Ni in the austenitic stainless steel by Mn and N,

offers an improvement in the Intergranular Stress Corrosion Cracking

(IGSCC) behavior of the alloyc. High resistance to IGSCC in the

Cr-Mn-N stainless steel can be developed by controlling the alloying

elements and impurities. The objective of this research is to deter-

mine how the alloying element, Mn and impurities, P and S influence
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the IGSCC in the chloride environment. This study is coupled to

the Ni layered interface failure studies.

Two series of alloys: 18Cr-18Mn series, 18Cr-13Mn series,

with different impurities (P,S) levels were specially made by Armco,

Inc. In addition to these four alloys, commercial alloys including

Armco's Nitronic 33 will also be tested and evaluated for comparison.

Details of the alloys and sample preparation are given in Appendix

A.

The main results to date were associated with characterization

of the precipitation reaction and grain size development in both

the special alloys and the commercial alloys. The most detailed

microstructural study was on an 18Cr-18Mn commercial steel. Electro-

chemical tests showed a heat treatment dependence of the passivity

and pitting potentials of the alloys. Aged specimens showed a higher

susceptibility to pitting in ferric chloride solution than the as-

quenched specimen. In all cases tested to date the base metal did

not show significant susceptibility to IGSCC, but welded sections

did have intergranular cracks. The level of P and S at the grain

boundaries for the samples tested has not yet been established unam-

biguously.

The studies on the ferrite model systems of Fe-P, Fe-Mn-P,

Fe-Mo-P and Fe-W-P concentrated on determining the fracture mode

and how it related to the cosegregation of P and the alloying elements

to the grain boundaries. The following results were obtained and

are an extension of previously reported results (8).

I. The change in the critical stress intensity factor as a function

of embrittlement which is represented by percent intergranular

6,
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failure and the grain boundary P concentration is similar to

the change in the bending stress, and the local critical stress

as a function of percent intergranular failure.

2. The critical stress intensity factor decreases with increasing

percent intergranular failure.

3. The additive embrittling effect of Mn on the P segregation is

seen in the Keff vs. aging time and Keff vs. percent intergranular

failure.

4. The remedial effect on the P embrittlement of Mo and W is seen

in the Keff vs. aging time plots.

5. The type of transgranular fracture found to occur in a majority

of specimens was cleavage with some specimens possibly fracturing

in a quasi-cleavage mode.

6. From the specimens sampled, where intergranular fracture was

observed, fairly clean grain boundary facets with scattered

signs of minor deformation could be seen.

7. The low amount of plastic deformation suggests that the test

temperatures chosen were suitable at eliminating gross amounts

of plastic deformation.

The metallographic and fracture mechanics analysis results

complement the more detailed results presented previously and are

presented in more detail in Appendix A.

B. Impurity Effects on Ni-Ni Interfaces

Ni-Ni and Ni-NiO-Ni systems have been chosen since nickel is

a face centered cubic structural material as well as it being an

important addition to many other structural alloy systems. In addition

. . -.
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there are less complications with formation of the natural oxide

of Ni. NiO is an important oxide system in electronic packaging

and the selection of NiO gives one the opportunity to study the

transition metal oxides and their related electronic switching proper-

ties. The Ni substrate initially used was a polycrystalline rod

.9999% pure with an average grain size of 50 Vm. Oxidized specimens

were made by heating the specimen in a tube furnace. The deposited

Ni thin film overlays were made in a lxlO -6 torr vacuum. The elec-

tronic switching of the Ni-NiO specimens is hard to characterize.

Switching was not observed in the Ni-Ni specimens for oxide

nesses up to 1.0 pm thick at the interface. Since this research

is primarily concerned with very thin interfaces (monolayers anu

up to 100 A), switching may not be relatively important in this

system. More details of this work are presented in Appendix B.

C. Interface Failure in Al/Graphite MMC

The research in this report was aimed at cleaning up the reactive

atmosphere, verifying the structural characteristics of the evaporated

oxide film, and making a quantitative measure of strength changes

in the planar composites. Details are presented in Appendix C.

Substrates of Ticonderoga single crystal graphite having a

[0001] surface normal were used to create the interface. Oxide

thicknesses deposited on the graphite averaged 25 nm while the aluminum

overlayers averaged 100 nm. In addition to reactively evaporated

oxides, some aluminum oxides were produced by depositing aluminum

on the substrates and resistively heating the tantalum mask in an
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atmosphere of oxygen at a pressure of 10-4 Torr. By depositing

the oxide film on transmission electron transparent single crystal

graphite the film structure was studied directly in the TEM. In

every case the oxide film was amorphous as determined by electron

diffraction. The presence of aluminum and oxygen was verified by

electron energy loss spectroscopy (EELS). Preliminary results of

a semiquantitative analysis of the EELS spectra showed that the

oxide's composition was in the ratio of A120. The oxides transformed

to 10 nm crystallites of gamma-A1 203 after long exposure to the

electron beam. The electrical characteristics of the reactively

evaporated films were ohmic with high conductivity. In contrast

to the reactively evaporated films, the thermally oxidized films

showed stable reproducible switching of a different type. The switching

observed in the anodic oxides is known as voltage controlled N-type

switching and the switching observed in reactively evaporated oxides

is known as current controlled S-type switching. Details of the

two types are given in Appendix C.

The high state of conductivity observed in our evaporated oxide

films may result either from a very high impurity concentration

or from a deviation of oxide stoichiometry. Auger spectroscopy

indicates that the former is unlikely. If excess oxygen was present

in our oxides, the off-stoichiometric proportions of cations and

anions would create a greater concentration of charge carriers per-

mitting the high electrical conductivity state.

As discussed previously, switching was not observed with the

oxides in this study. Failure, however, did occur at the oxide-
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Figu re A. 10 Variation of K and plane stress Keff with IGA

for the Fe-P-W specimens.
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Figurej A.9 Vriation of K and plane stress Keff with % IG
for the Fe-P-Mo specimens.
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Figure A.8 Variation of K and plane stress Keff with % IG
for the Fe-P-Mn specimens.

*--.--.----.-----.--- .--.------. ".--,. .---... .~



18

A8

40

Fe -P

35

~-30
4-

25

20

50 60 70 80 90

Percent Intergranular, %IG

Figure A.7 Variation of K and plane stress Keff with Z IG
for the Fe-P specimens.
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Fe-P-Mn, Fe-P-Mo, and Fe-P-W specimens respectively, heat treated at

500 C. Keff is the plane stress intensity factor and SIG is the measured

amount of intergranular fracture. From these curves it can be seen that Mn

acts as an embrittler while Mo and W reduce embrittlement. Figures

A.7-A.10 show the variation of K and the plane stress Keff with % iG for

the respective alloy systems. K is the 4-point bend test stress intensity

factor (A). These curves show that the stress intensity factor decreases

with increasing % IG for the various alloy systems.

I Results
Based upon the obsovation of the 4-point bend tests fractographs and

the evaluation of the Linear Elastic Fracture Mechanics analysis, the

following results were determined:

1. The type of transgranular fracture found to occur in a majority of

specimens was cleavage with some specimens possibly fracturing

In a quasi-cleavage mode.

2. From the specimens sampled, where Intergranular fracture was

observed, fairly clean grain boundary facets with scattered signs

of minor deformation could be seen.

3. The low amount of plastic deformation suggests that the test

temperatures chosen were suitable at elimaniting gross amounts

of plastic deformation.

4. The change In the stress Intensity factor as a function of
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Figure A.5 Variation of plane stress Keff and % IG with aging

time for Fe-P-Mo specimens heat treated at 500"C.
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Figure A.6 Variation of plane stress Keff and % IG with aging

time for Fe-P-W specimens heat treated at 5000C.
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Figure A. 3 Variation of plane stress K and % IG with aging
time for Fe-P specimens heaiftreated at 500'C.
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Fia~lre A.4 Variation of plane stress Kef n Gwt gn
time for Fe-P-Mn specimens heat treated at 500 0C.
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A4

Figure A.1 Fractograph of.specimen 05503, an Fe-P specimen heat
treated at 550 C for 30 hrs.,which had 75% inter-
granular failure.

Figure A.2 Fractograph of specimen 25503, an Fe-P-Mo specimen heat
treated at 550C for 30 hrs., which had 26% intergran-
ular failurc.

*a

*o U
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A3

modification of the fracture surface as determined by fractography and a

Fracture Mechanics analysis.

Table A2

type of alloy aging temperature aging time

0: Fe-P 40: 400 C 0:0 a

1: Fe-P-Mn 45: 450 C 01: 0 hrs.

2: Fe-P-Mo 50: 500 C 03: 30

3: Fe-P-W 55: 550 C tO: 0o

60: 600 C 30: 300

2- Experimential Approach

The specimens were annealed, tempered, and aged to aquire various

degrees of segregation. Tensile tests and 4-point bend tests were run at

low temperatures to obtain fracture surfaces showing little if any small

scale yielding. SEM was performed on the 4-point bend test fracture

surfaces. A Linear Elastic Fracture Mechanics analysis of the 4-point bend

tests was conducted to evaluate the effects of the grain boundary

segregated P and alloying elements. Figures AI and A2 show typical

fractographs of specimens tested In 4-point bending. Figures A3-A.6 show

the variation of plane stress Keff and X IG with aging time for Fe-P, -

--
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A2

2. Mn, Mo, and W were chosen as alloying elements because it has been

suggested that Mo and W have remedial effects on P grain boundary

segregated induced grain boundary embrittlement and that Mn has

embrittlIng effects on P grain boundary Induced grain boundary

embrittlement.

3. These alloys have little or essentially no carbon, thereby avoiding

the effects of carbon segregation to the grain boundary as

elemential carbon or more complex carbides.

4. The binary system was chosen for comparison reasons so that

segregation and embrittlement could be Investigated without the

effects of the alloying elements.

Table A. I

Alloy I.D. Elements (wt. )

0 0.057-0. 1 P (bal.) Fe

S0. P 26Mn " -

2 3 2 Mo

3 4.6W

These alloys were given the specimen designations according to

composition and aging heat treatment as shown in Table A2. Metallography

and microscopy were conducted to verify uniformity of grain size. AES of

the fractured specimens and thermodynamic modeling of the segregation

were conducted In a previous study (A2). This study focuses on the
e"

4I
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Appendix A

Introduction

In this appendix the study of interface modification on the failure of

engineering materials will be described In two sections. Section Al

investigates interface (grain boundary) fracture of four Fe-P alloys; the

binary system and three ternary alloys which have Mn, Mo, and W additions

respectively. The principle objectives of this research are to determine

how grain boundary fracture morphology is effected by the segregation of

the impurity P, as well as the segregation of the alloying elements.

Section A II focuses on Intergranular failure of Fe-Cr-Mn-N alloys with

controlled P and S content. The objectives are to determine how the

impurtles (P and S) and the alloying elements (Mn, Cr, and N) are related to

the intergranular stress corrosion cracking (IGSCC) In the chloride

environment.

Both research sections involve extensive specimen preparation,

mechanical testing, metallography and microscopy, SEM and/or AES

analysis, as well as other experimential techniques. This appendix is

divided Into the two respective sections with the results cited

Independently by section.

ScinAl Mn,Mo, and W Influence on P Grain Boundary Embrittlement

1. Material Description

The alloy systems chosen for this research are listed In Table A. 1.

These alloy systems were chosen for the following reasons (AI -A3):
ql

I. P Is a common impurity In commercial Fe alloys that is related

to grain boundary failure.

~~~~~~~~~~~~~~~~... ".' '.-.-... . ........i-- -.- l "...... . i....... . . .-
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the Ni-Ni system were investigated. In addition model steel systems,

both ferritic and austenitic were studied to evaluate segregation

to the interface and the impact on fracture and stress corrosion

cracking of the segregated species.

In the layered structures the relation between the conductivity

normal to the interface and the fracture path was evaluated under

different interface processing conditions with a variety of experi-

mental results. The method of preparation of the interface played

a major role in the switching and fracture characteristics.

In the steels a correlation between the segregation at the

interface and the fraction of interface failure with the fracture

toughness was evaluated.

* 6
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a

graphite interface. This is consistent with failure in the high

conductivity state of earlier studies.

Our present work has produced suggestive evidence of the causal

relationship between electrical and fracture characteristics. A

blueish appearance of the graphite fracture surface was observed

* after interfacial failure in the high conductive state. Subsequent

AES indicated no oxide present on this surface eliminating refraction

from thin layers as a possible cause. The blueish color change

has been observed in intercalation studies of single crystal graphite

and is associated with the reduction of the graphite (i.e., electron

deficient). This viewed in the context of the previously discussed

catalytic effect of the aluminum oxide on graphite presents some

interesting possibilities that are being pursued.

As part of the interface studies the mechanical strength of

the interface is being probed. Both direct tensile tests and laser

induced shock wave loading are being evaluated. Details of all

of the above are given in Appendix C.

A side issue that was investigated was how to predict the modulus

of potential dispersoids in alloy systems. Appendix D describes

a correlation of the elastic moduli with the melting temperature

of the potential dispersoids.

IV. Summary

Research on the relation between impurities and second phases

at interfaces and their impact on the mechanical properties is reported.

Model layered systems involving interfaces in Al/graphite MMC and

I

: --, ' " - i~i . .i -L .- '-'*I.. * • -. i -. " -* . "i i "- " . .
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embrittlement which is represented by percent intergranular

failure is similar to the change in the bending stress, and the

local critical stress (A3), as a function of % 16.

5. The stress intensity factor decreases with increasing X I. 1.

6. The embrittlIng effect of Mn is seen in the Keff vs. aging time

and Keff vs. percent lntergranular failure.
I

7. The remedial effect of Mo and W Is seen in the Keff vs. aging

time plots.

Section A I Intergranular Stress Corrosion Cracking (IGSCC) of

Austenitic Cr-Mn-N Stainless Steels In the chloride

environment with varying S and P content

Many investigation on the stress corrosion cracking ( SCC)

characteristics of Cr-Ni austenitic stainless steel have been

reported to be susceptible to a chloride environment( A4). Replacing

NI In the austenitic stainless steel by Mn and N, the resistance to

SCC could be Improved. It was also suggested that high resistance

to SCC in the Cr-Mn-N stainless steel can be developed by

controlling the alloying elements and impurities (AS ). The objective

of this research is to determine how the alloying element, Mn and

Impurities, P and S Influence the IGSCC In the chloride environment.

This reports on research completed in 1984 and describes

experiments to be performed In 1985.

4- .' - - • . .- _ : ,.. . - .. . • . " : , . = .
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I. Research materials selection

The materials are selected according to the following

requrement.

a. stable, single phase austenite

b. strong resistance to SCC in chloride environment

c. low pitting corrosion

d. less sensitization

e. high strength (cy > 100 ksI )

According to these, two series of alloys; 18Cr-18Mn series,

18Cr-13Mn series, with different P and S Impurity levels were

prepared by Armco. In addition to the these four alloys, Armco's

Nitronic 33 was also tested and evaluated for comparison.

Table A3 Alloy Chemistries

code Cr .Mn N P N , Si 

* 23 .011 18.39 17.32 .54 (.005 .005 <.01 .11 .

24 .014 18.41 17.21 .55 .049 .014 <.01 .11

26 .012 16.99 12.25 .38 (.005 .008 <.01 .073

* 27 .011 17.06 12.30 .44 .041 .014 <.01 .075

NItronic .052 17.87 12.69 .30 .028 .007 3.42 .33
33

- -., ..- .,. .4
"-" "- ''"".. . ..- ' -".-.-.."- . . . .' ,. . -;. -. . . .. '' ,-.. ' . .'" ' " I I - .. -' '" " -: . ..
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2, Specimens Preparation i !

As received ( hot-rolled)

Cold ( or Warm ) rolled

- Grain coarsening (1150 C, 15 hrs, Ar+ N2 )

-- Annealed( 1050 C, 10 min., Ar + N2 )

, Aged (450 C, 700 C, 0 - 100 hrs)

Annealing at 1150 C for 15 hrs in the mixture of argon and

nitrogen gas was determined to be the optimum condition to get

80-100 um grain diameter.

3. Testing and Results

Some Important tests In this research are as follow.

Potentiodynamic test
- Pitting Corrosion Test

Immersion In ferric chloride solution

Bent beam stress corrosion test

-5CC tests U- bend test

Slow strain rate test

r metallography ( optical, SEM and TEM)

- Precipitation study X-ray diffraction

Thermal analysis

-Grain boundary chemistry ; SEM, EDS, TEMP, STEM and AES

analysis

" . . ' i " -. . " .: -."* " " .. . ." ' - ' "". . ." - ' ..- " ' ' - " " • . '
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3a, Pittina corrosion test

1) Potentiodynamic test (ASTM Standard G5-82)

The specimens having different ageing treatment were studied

by potentiodynamic test to find variations of passitivity and pitting

potentials in 3.5% NaCI solution.

pitting potential
MV 

mV

voltage passive zone

corr EECorr

current nA/cm2  nA/cm2  ,

Fig. A 11-a Fig. A ll-b

Two typical results were obtained. Specimens in the as

quenched condition or with small amount of precipitate at the grain

boundaries had the characteristics shown In Fig. A 1l-a. A distinct

passive zone and high pitting potentials were observed (some did

not show pitting ). The specimens with large amount of

precipitates at the grain boundaries were very susceptible to pitting.

(Fig.A Il-b ) Even with very careful specimen preparation, most of

specimens could not avoid crevice corrosion at their edge sides

because locallized pitting and crevice corrosion occured

simultaneously. Therefore, the relationship between pitting

characteristics and the alloy chemistry could not be found. More

detailed experiments will be done by optimizing the testing

solution and the specimen geometry to avoid crevice corrosion.

% •
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2) Pitting test in ferric chloride solution

( ASTM Standard 6 48-76 )

Total immersion ferric chloride tests at room temperature were

performed for all series of alloys. After 24, 48 and 72 hours

exposure in the 6 wt. % FeCi3 solution, the following results were

obtained. For as-quenched specimens, the 18Cr- 1 Mn series is

less susceptible to pitting than the 18Cr-13Mn series. For the

specimens which were aged at 700 C for 12hrs and 48hrs, all

specimens were severely damaged by pitting but Nitronic 33 showed

the most resistance to pitting In this solution. In order to get good

comparison among alloy chemistries, the concentration of testing

solution, time for Immersion and specimen geometry will be

modified in the next series of measurements.

3b. Stress Corrosion Cracking (5CC) test

I) Bent-beam stress corrosion test

( ASTM Standards G 39-79, G 36-73)

Four points bending test in the boiling MgCl 2 solution has

been aimed at trying to identify the transition of fracture

morphology from the transgranuar mode to the intergranular mode

in the sensitized specimens. Two welded specimens after

quenching followed by annealing, showed transgranular cracking

after exposure in this condition for one month. Two difficulties

In this test are long time exposure, more than 4 weeks, and the

locallized pitting process which must be distinguished from the

stress corrosion cracks.

4
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2) U-bend test ( ASTM Standard 6 30-79)

Six specimens were tested In the 45% MgCl 2 boiling solution

after being stressed in a U - bend configuration. The purpose of this

test was to evaluate a boiling MgCl 2 solution as suitable corrosion

media. The observation of the test results showed that the

specimens ( as-quenched ) did not show any cracking even though

severe pittings were observed after a 5 week exposure. This test

will not be continued.

3) Slow strain rate test ( ASTM STP 665 )

For many alloy systems low tensile strain rates in the region

between 10- 4 and 10- 6 /sec will promote SCC and serve as a

screening test. This testing method willl be applied to our

speccimens. Several acccessaries which attach to the

electrohydraulic tension machine to perform the measurements are

being designed and built.

4. Microstructure of the Carpenter's 18-18 Plus stainless

4a. Introduction

This work refers mainly to the microstructural observation of

various phases formed in a Cr-Mn-N austenitic stainless steel. The

occurrence of these phases varies upon the conditions of aging

treatment such as temperature, time and cooling rate.

A--
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4b. Exoerimental ADoroaches

The heat treatments used in this investigation included

annealing and aging. Materials were solutionized at IO00C for 3 hrs

followed by water quenching, air cooling and furnace cooling to room

temperature. Aging treatments consisted of heating at both 500 and

600C for times ranging from 4 hrs to 1000 hrs. The chemical

composition of the 18Cr-18Mn stainless steel was as follows

Fe-balance, Cr-18, Mn-18, Ni-0.4, Mo-1.0, C-0.1, N-0.45, Cu-1.0 51-0.4,

P-0.02, and S-0.009 in weight percent. The carbon content was

higher than in the model systems.

weight percent.

4c. Microstructural observations

The modifications of microstructure in this material were made by

successive precipitation reactions after aging treatments from
solutionized condition at elevated temperature. Different cooling

rates from the solutionizing heat treatment were found to affect

initial precipitation reactions. However, as the holding time was

increased, it was difficult to distinguish the effect of cooling rate.

Optical microscopy, SEM and TEM were used to investigate the

microstructural changes upon aging. As a consequence of the aging --i
treatment of 500C and 600C, the precipitation occured first a, the .

grain boundaries and then on the twin boundaries. After a long

holding time general precipitation occured In the grains. The

precipitate along the grain boundaries turned out to be the

discontinuous, lamellar precipitate as shown In Fig. A12-a.

4

. - -* .. . * .- .-. :- . . . ... -. . .-,
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Using the electon microscopy, the shape of grain boundary

precipitates were determined to vary from blocky to plates to the

form of lamellar precipitates.

The precipitation on twin boundaries extended to both sides

of a twin parallel to coherent boundaries as elongated needles as

shown in Fig. A.12-b. Although the widening of twin boundaries

occurs by a continuous precipitation, no nodular or lamellar

precipitation was observed at these locations. The fine, dot-like

precipitates in the matrix were expected to form well-defined

Widmanstatten arrays on further aging. The precipitation reaction

after aging at both 500C and 600C was found to continue even after

1000 hr holding time with the reaction at 600C much more

complete than at 500C.

Attempts were made with nickel-carbon double stage extraction

replicas to identify the phases present. STEM with EDX microanalysis

indicated that the precipitates both on the grain and twin

boundaries as well as the lamellar precipitates contained Cr, Fe,

Mo and very small amount of Si. The precipitates on the

grain and twin boundaries were found to contain the relative amount

of Cr-709, Fe-229 and Mo-89 In average weight percent omitting -.

the carbon. The indexing of electron diffraction patterns showed

that the precipitate had the fcc Cr2 3 C6  structure. Thus, it is
S

appeared that the phase precipitating both on the grain and twin

boundaries was a carbide of ( Cr,Fe,Mo )2 3C6  type. No nitride

was observed.

• S_
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Figure A.12-a Scanning electron miicrograph of a 1000 hr -

aged specimen at 600C following

wa ter -quenching

Figure A.12-b Transmission electron micrograph of a 410 hr

arged specimen at (OOOC following

water -i-'cn-hrinj
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4d. Fracture Path Analysis

With an aid of SEM, the fracture surface was observed to

be a mixed transgranular-intergranular mode with a higher fraction of

lntergranular fracture in aged specimens ( 256 hr and 1000 hr at 600C ).

The relative intergranular amount in the fractured region was much

higher in a 1 000hr - aged sample than that In a 256 hr - aged one.

The former showed many facetp which had dimples and roughness

( Fig. A13-a ), compared to the latter that has relatively

smooth intergranular facets ( Fig. A13-b ).

Quantitative AES analysis was conducted for Fe, Cr, Mn,

N, C, P, 0, Ni, Mo, Cu, Si and S by comparison with standard

peaks. There appears to be a depletion of Cr and N on the fracture

surface of aged specimens with respect to the soluttonized

sample. The AES spectra taken from the aged specimens showed

- P peak (Fig. A14) indicating segregation of the P during the heat

treatments. The quantitative data showed an increase in P on the a

fracture surface for the 256 hr aging, but was reduced for the

1000 hr aging treatment. The change in fracture mode described

earlier might mean a reduction In true grain boundary fracture .

explaining the lower P content.

As an attempt to investigate the nature of the lamellar

precipitates along the grain boundaries, Auger line scanning was ,-a

performed across a huge lamellar precipitate along the grain

boundary. The relative peak heights of C and Cr increased

noticeably and the Fe peak droped sharply inside the area of lamellar

precipitate. The N peak did not change much. This supports the

finding that precipitate is a carbide.

I
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i. ........

(a) 1000 hr aged one

(b) 256 hr aged one 1

Figure A.13 Scanning electron fractrographs of aged S
specimens at 600C following .

water-quenching

o

S
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Appendix B

In this appendix, the study of the failure of a model of layered

systems (B i) is extended to include Ni-Ni and NI-NiO-Ni systems. These

systems have been chosen since nickel is a structural material as well

as it being an important addition to many other alloy systems. Nickel also

was chosen because there would be less complications due to the

formation of its natural oxide. NiO is an important oxide system in

electronic packaging and the selection of NIO gives one the opportunity to

study the transition metal oxides and their related electronic switching

properties, The experimental methods are much the same as those for the

AI-Ai 203 - Al- Graphite system (B 1). Specimen preparation Involved vapor

deposition and diffusional oxide formation. Specimens were tested in

tension at room temperature. AES analysis was performed before and

after fracture testing . Electronic switching charactistics were checked

prior to fracture testing. The present emphasis was placed on obtaining

reproduceable mechanical testing data as well as reproduceable switching.

All the above will be described In more detail in the following sections.

Material Description

Each specimen is made up of two parts; the substrate material which

is either in the unoxidized or oxidized state and the vapor deposited film
0 !0

which ranges in thicknesses from 100 A to 3500 A. The Ni substrate is

cut from a polycrystalline rod 99.99% pure with an average grain size of

50 4m Preparation of the substrate involves polishing one surface using

005 4m alumina and lightly etching the surface in a mild

HCI-methanol solution. Oxidized specimens can then be made when requir- ..
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sufficient momentum transfer with a well defined stress wave.
Experiments, using silicon substrate-aluminum film 'pecimens,

have shown qualitative success for film detachment. The magnitude of the
shock wave was not determined in this preliminary work. The laser
spallation method has shown, for metal-metal film adhesion, a direct
correlation of the threshold power with the calculated metal-metal
interface bonding strength.(C 18)

These investigations have indicated some inovative methods of
studying and improving the integrity of aluminum-graphite interface in
these metal matrix composites. This effort will continue under
DARPA/ONR contractt : ONR N-O00 I 4-84-K-0687.

-1

S

.?

. . . ,..
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a minimum of one gram full scale load has been obtained. Fig. C6 2
represents the results of the quantitive strength change measurements.

The large error bar for the fracture strength of single crystal graphite
was partially due to the lack of a distinct fracture area.

As discussed previously, switching was not observed with the
oxides in this study Failure, however, did occur at the oxide-grahpite
interface. This is consistent with failure in the high conductivity state of
earlier studies.(C5 ) Failure was brittle in all cases. Failure aspects
were not investigated for the N-type switching structures. i1

Our present work has produced suggestive evidence of the causal
relationship between electrical and fracture characteristics. A bluish
appearance of the graphite fracture surface was observed after interfacial
failure in the high conductive state. Subsequent AES indicated no oxide
present on this surface eliminating refraction from thin layers as a
possible cause. The bluish color change has been observed in intercalation
studies of single crystal graphite and is associated with the reduction of
the graphite(i.e. electron deflclent).(C 14 ) This viewed in the context of
the previously discussed catalytic effect of the aluminum oxide on
grapnite presents some interesting possibilities. There are also published
calculations of metal island shape changes in cermet structures due to
electrical field effects on the Island's surface energy.(C15) This suggest
that strain effects merit further investigation.

The Inherent difficulties of the DPO method may be circumvented by
utilizing the laser spallation method of adhesion measurement.(C 16 ) In
laser spallation, a thin film is detached from the substrate without any
prior disturbance of the film by impinging a pulsed high energy laser beam
onto the back side of the substrate. The shock wave produced in the
substrate, due to localized substrate melting, is used to stress the
substrate-film interface. By increasing the incident laser power, one can
find a threshold at which the film is torn loose from the substrate. AES is
then used to determine the fracture path. From this data, it is possible to
qualitatively measure film-substrate bond strength. The system may be
made quantitative by measuring shock wave intensity with a quartz stress
guage for various values of laser power and substrate thicknesses.(C 17 )

rhe intensity of the shock wave across the substrate-film interface
requires the use of a grid of small thin film dots. The dots either adhere
to the substr ate or are totally removed when stressed by the laser. In
addition, due largely to the substrate melting temperature, a polymeric or
metal fi lm may be required on the backside of the substrate to initiate

tS
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reactive method of evaporation used in that study produced a cermet
structure consisting of aluminum islands in an amorphous oxide matrix.
The structures only switch in a critical range of aluminum island
concentration, but show high conductivity at greater aluminum
concentrations and low conductivity at lower aluminum concentrations.

While the states of switching may be associated with percolation
theory,(C 13 ) the onset of switching may be related to the impurity level in
the amorphous oxide matrix. Once conduction is initiated via impurity
levels in the band gap, the negative thermal coefficient of resistance of
the amorphous matrix will produce Joule heating promoting some type of
transformation to high conducting short circuit filments. Return of the

low conductivity state after a period time may be related to ion diffusion.
The high state of conductivity observed in our evaporated oxide

films have resulted either from a very high impurity concentration or from

a deviation of oxide stoichiometry. Auger spectroscopy indicates that the
former is unlikely. However, when our oxygen-to-aluminum peak height
ratios were compared to those of Tsars(c2) a large difference was
observed. There was an Increase from 1.4/1.0, In Tsais switching
composites, to 4.7/1.0 in our conducting composites. The ratios were
measured by comparing respective peak-to-peak heights at maximum
oxygen signal In AES sputter profiles through the respective oxides. The
measured ratio of oxide composition for our oxides does not agree with the
previously discussed EELS data. However, approximations used in both
EELS and AE5 may contribute to this discrepency. If excess oxygen was
present in our oxides, the off-stoichiometric proportions of cations and
anions would create a greater concentration of charge carriers permitting
the high electrical conductivity state.

3 3-Strength Me3surements

Whereas previous mechanical methods of strength testing were
qualitatlve,( ' 5 ) In the current study an attempt was made to quantify
strength changes of the switching model composite structures. The direct I
pull off (DPO) method was used. Fig. C5 is a schematic of the set-up.
Certain difficulties with alignment and mixed tensile-shear loading are
Inherent with this method, but Its relative simplicity makes It useful.
Failure loads encountered were between two and thirteen grams, but
resolution was limited because equipment availability restricted the
minumum full scale load to 450 grams. For future work, a load cell having -*
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This is roughly consistent with studies on anodically prepared aluminum
oxide thin films(i.e. 50 nm).(C 8 ) Both our amorphous oxides and the anodic
ones transformed to 10 nm crystallites of gamma-A1203 when heated

sufficiently by the electron beam. Preliminary observations made In this
study showed little preferred orientation to the single crystal graphite
substrate during crystallization. Representative EELS spectra and TEM
micrographs are shown in Fig. CI and Fig. C2,

3.2-Electrical Characterisltcs

The electrical characteristics of the reactively evaporated films
where ohmic with high conductivity. Characteristics of the earlier
switching was only observed at random spots and was not reproducible
from specimen to specimen. The resistivity of these films was calculated
to be In the range of 106 ohm-cm. In comparison, published values of
anodic thin films of A1203 vary from 1012 to 1017 ohm-cm.(C9 )

In contrast to the reactively evaporated films and films of earlier
studies, the thermally oxidized f Ims showed stable reproducible
switching of a different type. An experimental I-V trace is shown In Fig.
C3. The switching observed in the thermal oxides is known as voltage
controlled N-type switching. The switching observed in earlier reactively
evaporated oxides Is known as bistable memory switching. Another type
of switching which has been reported In literature Is known as current
controlled S-type switching.(C 10) Schematic representations of the three
types are shown Fig. C4. The bistable memory switching may be
indistinguishable from the S-type switching under constant voltage
testing since the negative resistance region will not be observed.
However, persistence of the high conductivity state(i.e. memory) would be
an indication of the bistable switching.

The negative resistance region in the N-type switching has been
attributed to impurity levels in amorphous Insulator band gaps.(ClO)
Anodic aluminum oxide films also exhibit the N-type swtchIng.(C 0) The
hydrocarbon content in the welding grade oxygen used for our thermally -

grown oxides is the most probable impurity source.
For bistable memory switching, conduction has been attributed to

the formation and burn-out of microfllaments In a generally amorphous
Insulator thin f Ilm(C 11) Recently, this type of switching has been
observed In reactively evaporated aluminum oxide films.(L I2 ) The 7

• . . . . -. . , -. .. . .. . . - . . .. . .. - " • . -.
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chamber where the diffusion pump was liquid nitrogen trapped. This was
hoped to reduce the hydrocarbon contamination. Future work will
incorporate an all metal ultra-high vacuum chamber. The oxide was
deposited at rates less than 0 5 nm/sec in the 02 atmosphere at a vacuum

of iO - 4 Torr. The aluminum overlayer was deposited at rates greater than
2.0 nm/sec in a vacuum of 10-6 Torr The substrate was Ticonderoga
single crystal graphite having a [0001] surface normal. The substrates
were sandwiched between a tantalum mask. Oxide thicknesses averaged
25 nm while the aluminum layers averaged 100 nm. Deposition rates and
thickness were measured by a quartz crystal oscillator. The
source-to-substrate distance was approximately 1 I cm. Heat flux from
the source produced a temperature rise of less than IO°C at the mask. In
addition to reactively evaporated oxides, some aluminum oxides were
produced by depositing aluminum on the substrates and resistivly heating
the tantalum mask in an atmosphere of welding grade oxygen at a pressure
of 10 Torr The hydrocarbon content of the welding grade oxygen was
unknown.

Tungsten electrical probes, used in earlier studies(C5 ), showed
spurious contact effects in this study. A switch to tungsten probes vapor
coated with gold then dipped In mercury produced stable ohmic contact. A
Tektron I-V curve tracer was use. to measure electrical characteristics
of the layered cormposites. The unit provides voltage controlled
measurements at 120 Hz. The unit is generally used to determine diode
and triode current-voltagt. characteristics.

4

3--Results and Discussion

3.1 -Structural

It is weli Known that reactive evaporation produces film structures A
r anging from amorphous to pure metal-reactive compound mixtures
depending on deposition rate and background pressure.(C7) By depositing
the oxide film on transmission electron transparent single crystal
graphite the film structure was studied. This was dr', .; for all specimens - -

except those made by thermal oxidation. In every case the oxide film was .
amorphous as determired by electron diffraction. The presence of
aluminum and oxygen was verified by electron energy loss spectroscopy
(EEI.S) PFieli;:rnary results of a semiquantitative analysis of the EELS
spe.,cra showed that .he oxide's composition was in the ratio of A12 0. -

I

... ..................
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likely candidates are haiides of metals such as Pb, As, S, and Fe. To study
this hypothisis a set of experiments will be carried out. A suitable
graphite substrate will be treated with the metal halide and then coated
with aluminum oxide and aluminum metal. These samples will be heat
treated at various temperatures and for varying times then studied by use
of analytical electron microscopy.

1.2- Oxide Switching

Tsai(C4 ) and Nende7, et.al 'C9' have observed a phenomena of
correlation between the electrical and the failure characteristics of
Al/A1203 /Graphite planar composites used to model the interface of
aluminum /graphite me&al matrix composites. When the sandwiched
aluminum oxide la/er is in a low electricai conductivity state, failure
occurs through the oxide. This has been thought to be an indication of a
high strength oond at the oYide-graphite interface. Failure may be
switched to the o(1de-gv.4hite interface by voltage switching the oxide
layer to a high electric.3i conductivity state. This failure mode has been
associated with a lower },ondmng strength at the interface. These
characteristics are reve-sitl- in that after a period of time the oxide
returns to its low cc ncuctivity state and when stressed, failure occurs
through the oxide. ihe oxide h.yer was identified by Lo as
gamma-Al20O, -

These eariier inv,st[ , gatv's , utilized vacuum systems where the
diffusion pump was Pot :!diU ,t.ogen trapped. The vacuum used during
reactive evaporation of the switcing oxides was 10 4 Torr.
Backstream r from the ai , ion pump would place a large percentage of
hydrocarbons :n the chLW-e,- atmosphere at this vacuum. The effect of
this impurity cn the oxioe-graphite's interfacial properties as well as the
oxide's electrical properties is unknown. In addition, measurements of
interfacial strength charges due to conductivity state changes were only
qualitative being IimiI.d to fracture path determination. The research in
this report was aimed at. cleaning ,.ip the reactive atmosphere, verifying
the strucrt.,ral characteFr st -; I f the evaporated oxide film, and making a
quaritii*ative measre oi :trength changes in the planar composites.

2-Exp )er pr i! .. f -.xy,,n wa , lae .v

Higr ; 'ry ,cxy.ler; was us'ed as the reactive atmosphere in a vacuum -

S
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Apopendix

Interfac Ealup in-Al/Graphite MM

I -Introduction

A potential source for materla! meeting the stringent requirements
of some aerospace and military designs has been the metal matrix
composites(MMC). These materials are tailored to provide optimum
properties for specific applications. However, there is a weak link In the
structure which produces these properties. The interface between the two
components that make up the composite results in a complex reaction

zone that limits or degrades the MMC's properties. The primary purpose of
6 the present investigation is to use some inovative methods to characterize

and to strengthen the interface of aluminum/graphite composites thereby
broadening its potential use.

1. 1 -Al/Graphite Reactions

Earier invest igaton hFve shown that a layered model of
aluminum./aluminum oxide/graphite has simplified and provided insight
about the nature of the alurnimm/graphite Interface.(C I ) Al/Graphite
composites, when heat treated in a moderate vacuum, form a carbide at
the interface between the aluminum metal and aluminum oxide.(C2 ) This
carbide forms in non-uniform manner becoming a site for stress
concentrations which severely diminish the longitudinal strength of the
composite. The conditions under which the carbide will grow have been
characterized. However, as of yet, neither the formation process nor any
means of supnressing the formation have not been studied in detail.

The key to understanding the carbide formation process lies in
realizing the role of the intermediate oxide layer as a catalyst in the
decomposition of the fiber. In other words, the fiber can be thought of as

* a completely dehydrogenated polymer which is "cracked" by the oxide
catalyst 35 is the case w;h many catalytic cracking processes.(C3 )

Suppressing the c- .1ide formation then becomes a problem of
poisoning h, ,atast Driwing from the science of catalysis, the most

" " - . * -,,. _. - . . .
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Figure B.5. Sputter profile of a deposited Ni-diffusion formed Ni oxide-Ni
substrate specimen. X indicates point at which sputtering
started. The substrate Ni was not sputtered.
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Figure B.4. Spectra no. 2 is an Auger select point analysis of the diffusion .
formed Ni oxide. The point at which the spectra was taken is
indicated on the sputtering profile enclosen in this appendix.
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Figure B.3. Spectra no. 1 is a Auger select point analysis of the deposited
Ni thin film. The point at which the spectra was taken is
indicated on the sruttering profile enclosed in this appendix.
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in Figures B.3-B.5.

The results seem to Indicate that switching can only be observed when

oxide thicknesses exceed 1.0 qm. A majority of the references on NIO

switching (B2-B4) seem to confirm this. However it Is expected that the

thinner film are not uniform and continuous and are not in a condition for

switching to occur. Since this research is concerned with very thin

interfaces (monolayers and up to 100 A), switching may not be relatively

Important in this system.

Fracture of the NI-Ni specimen has been observed yet it has not

been determined by means of AES whether the fracture occurs at the

interface or in the deposited Ni film.

B1. H. L. Marcus," Microscopic Study of the Influence of Impurities on

interface Bonding," UTCMSE-84-1 Annual Technical Report-Office of

Naval Research Contract NOW 1 4-83-K-0 143, Jan 25, 1984.

B2. J. F. Gibbons and W. E. Beadle," Switching Properties of Thin Ni-O

Films," Solid-State Electronics, vol 7, Pergamon Press, 1964, pp.

785-797.

B3. N. Fuschillo, B. Lalevic, and B. Leug," Electrical Conduction and
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Probes

Curve Tracer Layered Specimen

Figure B.1. Diagram of IV Test Setup showing the curve tracer
and point contact probes setup on specimen.

+

(a) (b)

Figure B.2. Two probe setups are in use as shown. Probes are
made of either tungsten or gallium- indium
coated indium.

a>

lb1
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B2

ed by heating the specimen in a tube furnance for a pre-determined time.

The specimen Is then lightly polished and etched prior to deposition. The --

deposited Ni thin films are made In a 1xlO 6 torr vacuum from a 99.999%

pure Ni filament wire. Thicknesses are monitored by a thickness monitor

and checked with a thickness profilometer.

Experimental Approach

After the specimens are made, their switching characteristics are

checked as shown In Figures B. I and B.2. Mechanical testing, using a 500 N

load cell was done on an Instron Universial Testing Machine. Select point

Auger analysis as well as argon sputtering profiles were obtained from

various specimens. Fractographs of the fractured surface were used In the

determination of the size of the fracture surface area.

Results and Discussion

At this time electronic switching of the NI-NIO specimens Is hard to

characterize and is not considered very reproduceable. Switching was not

observed in the NI-NI specimens where a natural oxide was present at the

Interface. Specimens with deposited films with thicknesses less than 1.0

im did not show signs of switching.

Mechanical testing of the adhesive which connects the specimen to

the testing apparatus was extensively done and proved to be quite

reproduceable. Mechanical testing of the Ni-NI Interface and the NI-NIO-Ni

specimens Is now underway.

Examples of Auger select point spectra and sputter profiles are shown

..... . . .........................................- .. " .. .".....-...... ..... " ....
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Fig. C1 Electron Energy Loss Spectrum for the reactively
evaporated amorphous aluminum oxide observed in this
study.
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(a)

721

(b) (c)

Fig. C2 Electron beam damaged area of amorphous aluminum oxide
on (0001) oriented single crystal graphite.

(a) Bright field image of crystallites
(b) Electron diffraction of partially crystallized

amiorphous oxide
(c) Electron diffraction of fully crystallized

de(amma-Al 203) *
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Fig. C3 Voltage-Current characteristics of switching thermal oxides
observed in this study
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V V
(a) (b)

(c)

Fig. C4 The three switching characteristics of amorphous
oxides: (a) voltage controlled N-type,(b) current
controlled S-type,(c) bistable memory
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LOAD CELL (0 - 450gm)

Pure
Tensile
Interconnect

Load Pin"(2mm t')

Quick Drying Glue

Deposited Layers(2mm 4)

0.2u m  -Substrate(4mm 0)

5mm

Fixed Support

4 f
VACUUM(10 atm.)

Fig. C5 Schematic of the apparatus used
in the DPO method of mechanical
testing.

I 6

S . -



57

ONR- 1984, C 15

F"5

75

0i"

I.

4 25

) 5

K

Single Crystal Graphite Interface of Gr-Al Oxide

perpendicular to Basal ( High Conductivity State

plane

Fig. C6 Preliminary measure of the strength
change in the switching composites
referenced with graphite crystal
strength
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Appendix D

ELASTIC CONSTANTS VERSUS MELTING TEMPERATURE IN METALS

M.E. Fine*, L.D. Brown and H.L. Marcus
Center For Materials Science and Engineering and

Dept. of Mechanical Engineering, The University of Texas, Austin, TX 78712

Rapid solidification techniques significantly broaden the possibility for developing
lispersion strengthened alloys where the dispersed phase is in thermodynamic equilibrium with
:he matrix. The extent of solubility is much greater in the liquid state. Rapid solidification
eads to extended metastable solid solubility or to second phase crystallites less than 1
im in size, an excellent size for dispersion strengthening. With extended solubility an aging
reatment is able to develop a larger volume fraction of dispersed phase than by the usual
;olution treatment. The new elevated temperature alloy, Al-8 wt % Fe - 3.5 wt % Ce, (1) is
in example of a new alloy made possible by rapid solidification.

In selecting intermetallics for possible RSP dispersion strengthened alloys, increased
!lastic modulus is often a major objective, but unfortunately little information on the elastic
:onstants or moduli of intermetallics is available. As is well known from examination of
ables of elastic constants of metals, there is a rough correlation between modulus and melting
emperature. Tungsten which has the highest melting temperature has the highest elastic
:onstants for cubic metals while Na which has a low melting temperature has very low values
if the elastic constants.

The present note examines the empirical relationships between the elastic constants and
he melting temperature in more detail to determine the extent to which it may be used for
iredictive purposes. For high temperature alloys low values of solubility limits are important
.o achieve low particle coarsening rates. Much data on solubility limits and melting tempera-
,ures are available from published phase diagrams.

Figure 1 is a plot of room temperature Cll for cubic metals and intermetallic compounds.
he number by each point refers to Table I which identifies the metal or compound and gives
he reference for the data. Only data for compounds which persist to their melting temperature
re included. The elastic constant data was obtained for the most part from the compilation
.f single crystal elastic constants published by Simmons and Wang (2). These were supplemented
,y results for additional metals not contained in this compilation. The melting data were
btained from the Hansen-Shunk-Elliott or the General Electric Co. phase diagram volumes.
he correlation for the 19 metals and 27 intermetallic compounds is rather good. A least
quares best fit straight line obtained from the data with Cll in GPa and Tm in deg. K is
m = 553 + 5.91C 11 . The determination coefficient is 0.87. This equation is shown by the
olid line in Fig. 1. The dashed lines represent a confidence level of +/- one standard error .. -

f estimate.

The data for Th and Ta represents the worst deviation from the best fit line. As subse-
uently discussed the lanthanides do not follow a correlation of (2C11+C3 3 )/3 with Tm. Thorium
eing an actinide falls into this same category. As with the lanthanides for the best fit
ine in Fig. 4, the Th datum point was not used in determining the least squares line in Fig. 1

Another factor is that Th transforms from the BCC to FCC structure at 1400C prior to
elting. Thus the structure which melts is not the one present at room temperature
orresponding to the measured elastic constants.

The predicted Cll values for Ta and Nb are noticeably higher than the measured values.
t is perhaps worthwhile to point out that Ta and Nb have opposite signed anisotropy factors
rom other cubic metals. The intermetallic compound points lie closer to the line than the

Permanent address: Dept. of Mat. Sci. and Eng., Northwestern University, Evanston, IL 60201.
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elemental metals. The coefficient of determination for the intermetallic compounds alone
is 0.90 while r2 for the elemental metals alone is 0.82.

The bulk modulus (B=(Cl1 +2C12)/3 is plotted for the same metals and intermetallic compounds
in Fig. 2. The spread among the data set from the best fit straight line, Tm= 607 + 9.3B
is greater than for ClI. This derives from the fact that C12 does not correlate at all well
with melting temperature.

Since covalent bonding dominates in diamond cubic and GaAs structured semiconductor mate-
rials Cll vs Tm are examined for these separately in Fig. 3 (Table II). The least squares
best fit line drawn on Fig. 3 is Tm= 412 + 8.2C11 with a determination coefficient of 0.71.
Thus Tm is not as good for predicting C11 of III-V semiconductor compounds as for metallic
intermetallic compounds. Interestingly with Cll of diamond equal to 1075(3) GPa, a melting
temperature of 9227 0K is predicted.

Finally some data for hexagonal and tetragonal metals and intermetallics are plotted
in Fig. 4. Here (2C11 + C33 )/3, that is Cii, values are plotted versus Tm.

As discussed below the lanthanides and groups 3b and 4b elements are far off the distribu-
tions. The first 18 data points of Table 4, which do not include any of these elements as
well as Be and TI which undergo phase transformations, are plotted as closed and open circles
in Fig. 4 (Table III). The least square straight line through this data set, Tm= 354 + 4.5Cii,
is plotted. The coefficient of determination is 0.94 indicating useful predictive relationship.
Data for eight lanthanides are plotted as squares, all of these lie considerably above the
best fit line plotted on the figure neglecting these data. It is noteworthy that Tm increases
with number of 4f electrons with little increase in Cii. All of these metals transform from
HCP to BCC before melting as do Be and Tl which however lie close to the best fit line even
though their data points were not used to establish the line. The datum point for Co was
used even though it transforms because the coordination number remains constant.

The group 3b and 4b metals, plotted as open squares in Fig. 4 also do not fit the correla-
tion. Their Cii values lie substantially on the low side of the Cii vs Tm established by
not including these data or the data for the lanthanides. Again all undergo phase transforma-
tion before melting. Compounds containing these metals do fit the correlations in Figs. I
and 4 rather well, however.

Cerium, the first of the lanthanides, is FCC at room temperature in contrast to the others
in the series. Its Cll at room temperature is 26 GPa (29) which is very low considering its
Tm of 970 0K. It thus falls in the same classification of the other lanthanides in this respect.

Conclusions

The correlations presented show that melting temperature may be used for preliminary
estimation of the Cll elastic constant in cubic intermetallic compounds. The estimation also
holds for estimating Cii in hexagonal or tetragonal intermetallics where Cii is (2Cii+C 33 )/3.
The elemental metals in groups 3b and 4b as well as the lanthanides and actinides do not follow
the correlation. The C12 constant and bulk modulus do not correlate well with melting tempera-
ture for all of the data examined.

The data presented do not include intermetallics which disappear by peritectic reaction.
For WC (4), FeTi (5), and Fe3Si (6) which undergo peritectic decomposition, the measured elastic
constants are larger than predicted using the peritectic temperature as the melting temperature.
This is particularly true for WC which decomposes by a peritectic reaction at 30500 C. Its
Cii value, 804 GPA, (8) predicts a melting temperature of 3972'K. On the other hand V3Si
which has the B-W structure disappears by peritectic reaction at approximately 23500K which
lies close to the liquidus temperature. Its Cl1 , 287 GPa, (14) lies above the line in Fig.
1. Thus, the peritectic temperature is not a reliable predictor of the C11 type elastic
constants.
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TABLE I

Data Plotted in Figures 1 and 2

Metal Data Cll B Tm Ref. No. Metal Data C1l B Tm Ref. No.
Pt.No. GPa GPa Deg. K Pt.No. GPa Deg. K

Ag 1 124 104 1234 (51) A12Y 24 171 80 1758 17
Al 2 107 76 933 (140) AuCd 25 83 85 900 7
Au 3 193 173 1336 (51) AuZn 26 42 56 998 8
Cr 4 350 162 2153 (40) B6La 27 453 90 2803 20
Cu 5 170 138 1356 (51) Co2Hf 28 256 167 1843 (229)
Fe 6 233 168 1803 (211) Co2Zr 29 233 153 1813 (229)
K 7 4 3 337 (239) Cu2Mg 30 123 88 1092 (56)
Li 8 14 12 453 (255) CuZn 31 129 116 1175 (149)
Mo 9 441 268 2898 (89) Liln 32 56 47 898 19
Na 10 7 7 371 (67) MgAg 33 85 66 1093 (56)
Nb 11 246 174 2708 (47) MgCuZn 34 134 58 1098 18
Ni 12 251 184 1725 (17) Mg2Si 35 121 55 1375 (277)
Pb 13 50 45 600 (270) Mg2Sn 36 82 41 1051 (70)
Pd 14 227 193 1827 (209) NiAl 37 212 166 1911 (273)
Pt 15 347 283 2047 (158) Ni3A1 38 224 174 1668 9
Ta 16 261 192 3273 (89) NiTi 39 162 140 1513 11
Th 17 75 58 1950 (21) Sn3Ce 40 81 55 1435 12
V 18 229 156 2133 (38) TaC 41 505 217 4073 (24)
W 19 523 311 3663 (89) TiC 42 515 242 3523 (49)

A12Ca 20 97 47 1352 17 UC 43 320 163 2663 (118) .
AJ2Gd 21 161 78 1798 17 V3Ge 44 297 168 2193 15
A12La 22 144 69 1697 17 YZn 45 94 62 1378 8
A12U 23 170 83 1863 14 ZrC 46 472 168 3450 (49) .'
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TABLE II

Data Plotted in Figure 3

Metal C1l Tm Ref

Ge 129 1211 (163)
Si 166 1687 (164)

AlSb 89 1338 (42)
GaAs 118 1511 (99)
GaP 141 1740 (276)
GaSb 89 979 (170)
InAs 87 1215 (215)
InP 102 1331 (131)
InSb 67 803 (27)

TABLE IlI

Data Plotted in Figure 4
tal Cii GPa Tm Deg K Ref Metal Cii GPa Tm Deg K Ref

3i 55 544 (81) Zr2Ni 152 1413 16
93 594 (50) Be 307 1553 (237)

-o 323 1768 (94) Ti 45 576 (90)

In 45 430 (48) Dy 86 1685 (94)
Ig 60 923 (236) Er 86 1802 (94)
Re 637 3450 (230) Gd 68 1586 (93)
Ru 583 2600 (94) Ho 77 1734 24
3b 81 903 (86) Ln 85 1925 25
In 130 693 (16) Nd 57 1297 26

2Al 151 1053 (53) Pr 52 1204 26

2Cu 177 864 13 Tb 69 1629 27
,Ti 607 3253 (112) Hf 186 2463 (95)
iBi 46 383 22 Sc 102 1812 28

2Bi 58 362 23 Ti 169 1933 (95)
2Ca 58 987 (248) Y 78 1795 (238)

5Ce 232 1588 10 Zr 151 2125 (95)

2Mg 108 863 21

erences in parentheses are from Simmons and Wang (2).
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